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\!\SS\i  HI  SET  TS 


ABSTRACT 


Thermal  coupling  of  pulsed  10.6  pm  laser  radiation  to  aluminum,  copper, 

and  titanium  targets  has  been  measured  as  a function  of  incident  fluence 

focal  spot  size,  and  ambient  pressure,  using  both  calorimetric  and  fast- 

response  surface-thermocouple  techniques.  A peak  enhancement  in  thermal 

coupling  of  approximately  a factor  of  ten  was  observed  to  occur  at  the  onset 

of  a well-developed  plasma  at  the  surfaces  of  the  copper  and  aluminum 

targets.  After  passing  through  a maximum,  the  enhanced  coupling  decreased 

with  increasing  fluence  and  approached  CW  values  at  high  incident  laser 

2 

fluences.  For  small  spot  sizes  (area  < 0.03  cm  ),  most  of  the  enhanced 
absorption  occurred  outside  the  focal  spot.  The  fraction  of  energy  coupled 
to  the  target  within  the  focal  spot  increased  with  increasing  spot  size. 
Under  conditions  of  low  ambient  pressure  (~  0.5  torr) , the  breakdown  thresh- 
old was  increased  by  a factor  of  5,  and  at  high  incident  fluences  the 
thermal  coupling  for  aluminum  was  roughly  a factor  of  2 higher  than  at 
atmospheric  pressure. 


iii 


* 


CONTENTS 


PAGE 


ABSTRACT 

iii 

I. 

INTRODUCTION 

1 

II. 

SMALL-SPOT  EXPERIMENTS 

1 

A. 

Theoretical  Development 

3 

1.  Surface  Thermocouples 

3 

2.  Polynomial  Approximation  of  F(t) 

5 

3.  Arbitrary  Junction  Depth 

8 

B. 

Single  Thermocouple 

10 

C. 

Thermocouple  Array 

11 

III. 

LARGE-SPOT  EXPERIMENTS 

13 

IV. 

CONCLUSIONS 

17 

REFERENCES 

19 

|V 


LASER  HEATING  OF  METALLIC  SURFACES 


I.  INTRODUCTION 

Recent  thermal  coupling  measurements^  ^ have  shown  that  if  the  inci- 
dent laser  intensity  is  sufficient  to  cause  a breakdown  at  a surface,  the 
thermal  coupling  coefficient  can  differ  markedly  from  its  low  intensity 
value.  Specifically,  for  normally  highly  reflecting  metals  such  as  aluminum, 
enhancement  of  an  order  of  magnitude  or  more  was  observed.  This  enhancement 
is  due  to  the  high  absorptivity  of  the  generated  plasma  and  subsequent 
energy  transfer  to  the  surface.  The  referenced  measurements  were  done  with 
small  spots,  and  one  might  expect  the  radial  expansion  of  the  plasma  to  cause 
much  of  the  energy  to  be  deposited  well  outside  of  the  focal  spot.  The 
degree  to  which  the  plasma  is  contained  within  the  focal  spot  is  of  import- 
ance since  it  is  the  coupled  laser  f luence  which  is  effective  in  reducing  the 
time  required  for  target  burn-through.  In  order  to  investigate  the  spatial 
and  temporal  characteristics  cf  the  enhanced  coupling,  a series  of  small 
spot  measurements  were  performed  using  front-surf ace-thermocoupled  targets 
and  are  discussed  in  Section  II.  These  results  are  then  compared  to 
large-spot  measurements  which  are  discussed  in  Section  III. 

II.  SMALL- SPOT  EXPERIMENTS 

For  the  small-spot  coupling  a target  of  the  type  shown  in  Figure  1 was 
constructed.  The  thermocouples,  manufactured  by  Medtherm,  Inc.,  are  fabri- 
cated by  swaging  a chromel  tube  over  an  aluminum  oxide-coated  alumel  wire  of 
1 to  10  mil  diameter.  The  thermocouple  assembly  is  then  inserted  into  a 
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drilled  metal  slab  and  polished  flush  with  the  surface.  The  thermocouple 
junction  is  completed  by  vapor  depositing  a 1 - 2 ym  layer  of  the  metal 
whose  absorptivity  is  to  be  measured.  Using  thermocouples  thus  constructed, 
one  can  obtain  surface  temperature  measurements  with  microsecond  time  res- 
ponse and  10  mil  spatial  resolution. 

Figure  2 shows  schematically  the  experimental  layout  for  our  thermal 
coupling  measurements.  Initial  experiments  were  performed  with  a small 
electron-beam  CO^  laser  from  which  were  obtained  single,  rectangular  in  time, 
5- joule  pulses  of  ~ 20  psec  duration.  The  pulse  shape  and  energy  were  mon- 
itored b'  reflections  from  a KC1  wedge  by  photon  drag  and  BaTiO^  detectors. 
After  pissing  through  the  wedge,  the  beam  was  focussed  to  a 2 mm  spot  onto 
the  target  surface  where  the  presence  of  plasma  was  detected  by  a photo- 
multiplier. 

Figure  3 shows  a typical  temperature  history  of  a copper  surface  when  no 
plasma  is  observed.  The  open  circles  are  digitized  data  points,  and  the 
solid  curve  is  a theoretical  fit  which  is  discussed  below.  Note  that  with- 
out plasma,  the  surface  temperature  stops  its  increase  abruptly  at  the  end 
of  the  pulse,  and  then  decreases  as  heat  is  conducted  into  the  bulk  material. 

Such  is  not  the  case  when  breakdown  occurs  on  the  surface,  as  is  shown 
in  Figure  A.  In  this  case,  the  temperature  peaks  well  before  the  end  of  the 
pulse,  and  there  is  no  abrupt  change  in  the  curve  at  t^.  To  extract  coupling 
information  from  these  temperature  responses,  it  is  necessary  to  relate  them 
to  the  surface  heating  rate.  The  theory  for  this  inversion  is  developed  in 
the  next  section. 
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A . Theoretical  Development 


Thermal  response  to  an  incident  pulse  depends  markedly  on  the  thermo- 
couple junction  depth  below  the  surface.  As  the  junction  depth  is  increased, 
the  diffusion  of  heat  laterally  in  the  surface  layer  becomes  important.  A 
computer  code  has  been  generated  to  solve  the  time-dependent  heat-flow 
equation  in  the  case  of  axial  symmetry  about  the  thermocouple . For  thermo- 
couples with  surface  layers  less  than  1 pm  thick,  the  results  indicate  that 
an  infinite  copper-constantan  thermocouple  (i.e.,  a thin  copper  layer  over 
a semi-infinite  constantan  slab)  is  a reasonable  model.  (For  specificity, 
copper-constantan  thermocouples  are  considered  in  this  discussion  - the  theory 
applies  equally  to  other  materials.) 

1.  Surface  Thermocouples 

A thermocouple  with  a copper  surface  layer  thickness  lees  than  1 pm  can 

be  analyzed  by  assuming  that  the  thermal  properties  are  essentially  those  of 

a semi-infinite  block  of  constantan.  For  such  a case,  the  temperature  change 

4 

T and  the  absorbed  flux  F are  related  by  the  following  equations 

to,,,  ■/!*/; 


F(0,t) 


K_ 

/irk 


0 


d_ 

dt' 


T (0 , t ’ ) dt' 


/ t - t' 


(1) 


where  the  thermal  properties  are  those  of  constantan. 
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The  most  straightforward  procedure  is  to  use  Equation  (1)  and  expand  T 


in  some  basis  set.  A linear  spline  expansion  is  used  nere 


T(0,t)  = I T.W.(t)  . 

Here  the  spline  function  is  defined  by 


W.(t) 


'i  + 1 


-i  + 1 


t 


t . 

i 


t . , < t < t . 

l-l  i 


t < t 


i + t 


The  resulting  finite  difference  equations  are  given  by 


T.  - T 


7=r  2 -1.  ■ '*■  - 1 2(vC~rT.  - vtT^r: ,)  • 

vkTT  t.-t.  . ' j l 2 1-1' 

i=2  li-l  J J 


i 2 

IT  K j=2  t 


F - F 


- t 


111  2 [2(t 

3-1  3 


2 (t . - t .)  \/t.  - t.'l 
i 3 i JJ 


(2) 


These  equations  have  been  used  with  limited  success  to  determine  F.  The 
basic  problem  with  this  approach  is  the  numerical  derivative.  By  integ- 
rating Equation  (2)  by  parts,  an  alternative  starting  point  is  given  by 
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F(0,t) 


K 


T (Oj^t ) 
/ t 


T (0 , t)  - T (0  ,t 1 ) 

(t  - o3/2 


The  numerical  derivative  is  still  present  implicitly  in  the  second  term, 
however,  and  the  numerical  procedure  still  amplifies  small  random  errors 
incurred  by  digitizing  the  experimental  temperature  points  T^.  This  is  a 
general  problem  for  inversions  where  the  integrand  is  generated  by  experi- 
mental data.  A root-mean-square  fit  to  the  temperature  also  can  be  used. 
Because  of  the  presence  of  a cusp  in  the  thermocouple  response,  a fit  in  the 
range  t < t^  and  a second  in  the  range  t > t^  are  the  most  reasonable 
choices.  A second  alternative  is  to  expand  the  pulse  in  a polynomial 

expansion  in  the  same  way  and  adjust  the  coefficients  with  a rms  fit  of  the 

experimental  temperature  points. 

2.  Polynomial  Approximation  of  F(t) 

From  the  previous  section  there  are  two  equations  which  can  be  used  to 
determine  the  absorbed  flux.  Because  of  the  difficulties  associated  with 
numerical  derivatives  of  the  temperature,  the  equation  which  defines  the 
junction  temperature  in  terms  of  the  surface  flux  will  be  the  starting 
point.  The  flux  will  be  expanded  in  a polynomial  over  two  ranges;  the  first 

from  zero  to  the  time  associated  with  the  peak  temperature  and  the  second 

from  the  peak  to  the  maximum  time  recorded. 


F(t) 


Set 

n 


0 < t < t 


sc't1 

n 


t < t < t 
p m 


For  times  less  than  t the  temperature  is  given  by 


yt  i 2 c r i 

7T  V ^ } 


tt  K n o /t"  _ ' 


SC  L (t) 
n n 


Ihe  evaluation  of  the  integrals  is  accomplished  by  an  8th-order  Gauss-Jacobi 
quadrature. 


8 

s 

i=l 


f(xi) 


W. 

l 


This  procedure  will  integrate  a 15th-order  polynomial  exactly  and  the  values 

of  x.  and  W.  are  given  in  Reference  5. 
l l 

The  root-mean-square  fit  of  the  temperature  is  given  by  minimizing  the 
variation  of  the  mean-square  deviation  as  follows 


6 C 

n 


N 

s 

1 


[T.  " T(ti)]  = °> 
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where  T.  is  the  temperate.  re  at  time  t±  obtained  by  digitizing  the  recorded 
temperature  histories  and  N is  the  number  of  measurements  made  before  the 
end  of  the  pulse. 

For  most  reasonable  pulses  with  a thin  surface  layer,  a 4tn-order  poly- 
nomial is  sufficient  to  describe  F(t).  For  thicker  layers,  higher-order 
integration  schemes  are  needed  to  take  into  account  the  rapid  change  in 
K ,V(t  -t')att  >t'. 

for  t i .ues  greater  than  t , the  temperature  contribution  due  to  f i ox 
absorbed  before  t is  given  by 


T*  (t)  = - 


TT  K 


_ . i n 

I C /c— ^ 


(t  - t') 


1/2 


If  there  is  flux  absorption  after  t , this  term  is  only  a partial  contribution 
to  the  temperature.  The  remaining  part  or  residual  temperature  increase 
is  given  by 


AT  (t ) 


n 


dt  ' 


t' 


2C'  L'  (t)  . 

^ n n 


This  situation  is  illustrated  in  Fig.  5.  The  values  of  C'  are  determined 

n 

by  the  same  procedure  used  to  determine  the  values  of  C . 

n 
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3.  Arbitrary  Junction  Depth 


For  a semi-infinite  thermocouple  composed  of  a layer  of  copper  of  thick- 
ness 9.  and  a semi-infinite  constantan  substrate,  the  time  dependence  of  the 
temperature  in  the  solid  due  to  an  arbitrary  absorbed  flux  F(-P. , t)  is 
governed  by  the  following  equations. 


1 6T 
k'  fit 


0 -9  < z $ 0 


I 6T 
k 6t 


0 0 < 7. 


flic  cooidinate  system  is  illustrated  in  Fig.  6.  The  boundary  conditions  are 
as  follows. 


K 


, 5 1 

6z 


-9 


F (-9 , t) 


K' 


= K 


cST 

z 


+0 


T(*  = 0 

Here  K and  k are  the  thermal  conductivity  and  thermal  diffusivity  of  the 
substrate.  A similar  definition  applies  to  the  primed  values  for  the  sur 
face  layer. 
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ihe  Laplace  transform  of  T is  designated  by  v,  and  at  tne  junction  (i.e., 

1 ~ 0)  the  val^e  of  V is  determined  by  the  usual  procedure  of  matching  bound- 
6 

ary  conditions.  Since  only  the  temperature  at  z = 0 and  the  absorbed  flux 
at  x = -y  are  of  interest  in  the  following  discussion,  the  z dependence  will 
be  implicitly  underwood.  The  resulting  expression  for  V is  given  by 


v(s)  = f (s)  [Kq  cosh  (q'£)  + K ' q ' sinh  (q'£)] 


Here  q = /sT/k,  similarly  for  q\  and  f(s)  is  the  Laplace  transform  of  the 
absorbed  flux.  This  may  be  rearranged  by  expanding  the  hyperbolic  functions 


V(s) 


2f(s) 


1 

l+o 


oo 


2 

n=0 


r ~(2n+l)£q' 
U e 


Here  a = (K/K')  /k' /k  and  a = (a  - l)/(a  + 1). 

The  temperature  at  the  junction  is  given  by  the  inverse  Laplace  transform 
of  v(s) 


T(t) 


-(xpy/2  - t')]  dt' 


(t  - t') 


where 


R(y)  = (1  - a)  2 ^ e"(2n+1)2y  • 

n=0 

A plot  of  R is  shown  in  Fig.  7. 
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For  completeness,  the  absorbed  flux  as  a function  of  junction  temper- 
ature is  also  given  bv 

F(t)  = K VXf'dHO 

TTk  J dt'  1/2 

where  b = £Y4k'.  ° (t  - t / 

h • Singl e Thermocouple 

Using  the  results  of  the  previous  sections,  the  instantaneous  surface 
heating  rate  of  our  copper-coated  target  was  obtained  and  is  shown  in  Figure  8. 
This  figure  shows  the  case  where  the  laser  intensity  was  insufficient  to 
cause  breakdown.  We  see  that,  as  one  might  expect,  there  is  a sharp  cutoff 
of  energy  absorption  with  the  end  of  the  laser  pulse.  The  finite  tail  is 
taken  to  be  a measure  of  the  error  in  the  inversion  procedure. 

In  the  case  shown  in  Figure  9,  the  gain-switched  spike  initiated  a 
breakdown  on  the  target  surface.  The  heating  rate  rises  sharply  early  in 
the  pulse  as  the  plasma  becomes  opaque,  but  then  peaks  and  declines  as  the 


plasma  propagates  and  decouples  the  laser  radiation  from  the  target.  Note, 

tiowever , that  there  is  significant  heating  after  the  laser  pulse  due  to 
energy  transfer  from  the  residual  plasma. 

The  curves  of  figure  10  show  the  time-varying  surface  absorption  coef- 
ficient for  the  casts  discussed  above  a-  well  as  for  an  intermediate  case. 

The  absorption  coefficients  were  obtained  by  inverting  the  temperature  time- 
histories  to  determine  the  absorbed  intensity  and  then  dividing  by  the  incid- 
ent laser  intensity.  We  see  that  there  is  roughly  a two-fold  enhancement 
in  the  focal  spot  coupling  with  a well-defined  breakdown.  This  is  much  less 
titan  the  order  of  magnitude  enhancement  previously  reported. 
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C.  Thermocouple  Array 

To  test  our  hypothesis  that  this  is  due  to  energy  deposition  well  out- 
side the  focal  spot,  a target  of  the  type  indicated  in  Figure  11  was  fabri- 
cated. Here  we  have  a linear  array  of  surface  thermocouples,  each  separated 
by  3.2  mm,  the  middle  one  of  which  is  illuminated  by  the  focused  laser  beam. 
For  low  intensity  pulses,  a response  is  observed  only  on  TC3 . When  breakdown 
occurred,  however,  all  five  thermocouples  registered  responses.  (Note  the 
difference  in  scales.)  We  also  see  a time  delay  for  response  of  the  outer 
thermocouples,  consistent  with  measured  plasma  expansion  velocities.  This 
indicates  that  the  energy  transfer  to  the  surface  is  due  to  either  conduction 
or  very  short  range  radiation. 

To  extract  a coupling  coclricient,  the  temperature  histories  of  the 
individual  thermocouples  are  first  inverted  by  our  computer  procedure  to 
find  the  heating  rates.  Each  of  the  heating  rates  is  then  integrated  in 
time  to  give  absorbed  fluence  as  a function  of  position.  The  resulting 
curve  is  then  integrated  spatially  to  give  total  absorbed  energy. 

Following  this  procedure,  the  total  thermal  coupling  coefficients  may 
be  evaluated.  In  Table  I these  coefficients  are  given  for  copper  and 
aluminum.  lhese  indeed  show  the  large  enhancements  previously  obseived  with 
spat ially-unresolved  calorimetric  techniques. 

We  may  thus  conclude  that  if  the  laser  intensity  on  an  aluminum  or 
copper  surface  is  sufficient  to  cause  breakdown,  a considerable  increase  in 
thermal  coupling  occurs.  If  however,  radial  expansion  of  the  plasma  outside 
the  focal  spot  is  significant,  most  of  this  additional  energy  is  deposited 
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TAb.LE  i 

MEASURED  PLASMA  ENHANCEMENT  OF  THERMAL  COUPLING 


SURFACE 

COUPLING  COEFFICIENT 

ENHANCEMENT 

FACTOR 

LOW  INTENSITY 

WITH  PLASMA 

Aluminum 

.039 

.27 

7 

Copper 

_ 

036 

.33 

~ 9 

12 


outside  the  focal  spot,  and  will  not  greatly  decrease  burn-through  times. 

On  the  other  hand,  if  the  spot  size  is  sufficiently  large  so  that  the 
plasma  propagation  is  effectively  one -dimensional , one  would  expect  most  of 
the  energy  to  be  deposited  within  this  spot.  In  this  case,  definite  L 1 aence 
coupling  enhancement  should  be  observed.  In  the  next  section  we  report 
experimental  results  which  confirm  this  expectation. 

HI.  LAP/’.FI-SPOT  EXPERIMENTS 

The  experiments  were  performed  with  one  of  our  500-Joule  CO^  lasers, 

which  was  fitted  with  a germanium  out-coupled  stable  resonator.  With  this 

choice  of  cavity,  a very  nearly  uniform  beam  was  generated  and  directed 

with  a 2-meter  focal  length  mirror  onto  a thermocoupled  target.  The  spot 

size  at  the  target  was  adjusted  by  moving  the  focusing  mirror  along  the 

2 

optical  axis.  In  this  manner,  effects  with  spot  areas  up  to  19  cm  were 
observed.  As  in  the  small-spot  experiments,  a beam  splitter,  photon  drag 
detector  and  BaTiO^  calorimeter  were  used  to  monitor  the  pulse  shape  and 
energy  on  each  shot,  while  plasma  plumes  were  observed  with  a photomultiplier 
and  open-shutter  photography. 

It  i_  well  known  that  repeated  breakdowns  on  a target  surface  can  sig- 

3 

nificantly  increase  the  breakdown  threshold  and  decrease  its  strengui.  In 

order  to  ensure  a consistent  plasma  from  pulse  to  pulse,  the  aluminum  targets 

were  cleaned  with  "Scotch-Brite"  and  wiped  with  methanol  after  each  shot. 

This  resulted  in  a very  stable  and  well  defined  surface  breakdown  threshold 
6 2 2 

of  about  2 x 10  W/cm  ( 4 J/cm  ).  Repeated  irradiation  of  the  same  spot 
without  using  this  procedure  results  in  a decreased  thermal  coupling  due  to 
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tliu  increase  in  breakdown  threshold.  The  titanium  targets  were  in  as-received 
condition  and  were  irradiated  only  once. 


Figure  li  shows  a plot  of  thermal  coupling  coefficient  (a)  vs.  incident 
laser  fluence  (E/A)  for  three  different-sized  rear-thermocoupled  aluminum 
l irgets.  (in  this  and  subsequent  figures,  the  lines  through  the  points  are 
merel\  for  convenience  in  viewing  and  do  not  represent  a fit  to  a theoretical 
curve. J Hie  absorbed  energy  was  determined  by  measuring  the  bulk  temperature 
increase  of  the  target.  Spot  areas  of  6.3  cm2,  J2.9  cm2  and  19.0  cm2  were 
used,  which  in  eacli  case  were  approximately  12%  smaller  in  linear  dimension 


thin  the  target.  The  coupling  coefficients  obtained  therefore  are  a 


measu re 


oi  energ-  deposited  near  the  focal  spot.  If  is  seen  from  these  curves  that 
i sive  breakdown  threshold,  there  is  a considerable  enhancement  in  coupling 
over  the  low- intensi ty  value.  The  coupling  peaks  near  threshold  and 
dec n as- ■ s with  increasing  laser  fluence.  Moreover  as  the  spot  size  is 
increased,  the  degree  of  enhancement  in  coupling  coefficient  is  also  increased 
oinewh.it  . iliis  indicates  that  for  large  spots  a slightly  larger  fraction  ot 


fb  iiu  ident  energy  is  coupled  to  the  target  in  the  focal  spot  area. 

As  is  shown  in  Figure  13,  the  coupling  coefficients  we  have  measured 

peak  at  comparable  values  to  those  measured  by  Rudder1  at  AFWL  with  his  sm il  1 
( . hh2  cm  ) local  spot,  but  fall  off  much  faster  with  increasing  laser 
tluencc.  This  results  in  part  i rom  the  fact  that  for  equal  laser  intensities, 
more  plasma  energy  is  dissipated  radially  for  a very  small  spot  than  for  a 
I lrger  one,  thus  reducing  the  plasma  density  and  lienee  the  velocity  at  which 
it  recede  from  the  surface.  Therefore,  at  high  intensities  and  small  focal 
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spots  the  laser  energy  is  absorbed  closer  to  the  target  and  is  more 
efficiently  transferred  to  it.  It  should  be  kept  in  mind,  however,  that 
for  such  small  spots  most  of  the  energy  Ls  absorbed  by  the  target  outside 
the  focal  spot. 

Another  contributor  to  the  rapid  fall-off  of  a with  E/A  in  our  case  may 
be  the  large  and  relatively  broad  initial  spike  associated  with  our  cavity 
design  (see  Figure  J7).  Klosterman  et  al.^,  have  observed  and  Jackson  and 

g 

Nielsen  have  calculated  that  the  shock  associated  with  ignition  of  an  aDsorp- 
tion  wave  can  raise  its  propagation  velocity  substantially  over  what  it 
would  he  were  the  wave  translating  into  quiescent  air.  This  increased 
velocity  was  found  to  persist  long  after  ignition.  If  that  be  the  case,  our 
strong  spike,  which  in  all  cases  induces  the  breakdown,  may  increase  consider- 
ably the  velocity  at  which  the  absorption  wave  recedes  from  the  target,  even 
al Lei  the  spike  is  over.  This  would  result  in  a more  effective  decoupling 
ot  tlie  laser  radiation  than  would  be  the  case  were  there  no  spike. 

lo  test  the  above  hypothesis,  we  plan  to  perform  thermal  coupling 
experiments  with  the  spike  eliminated  or  greatly  reduced.  We  have  previously 
demonstrated  that  this  can  be  done,  using  either  saturable  absorbers  or 
electron-gun  current  modulation.  Streak  photography  will  be  employed  to 
determine  the  effect  of  the  spike  on  the  propagation  velocity  of  the  plasma. 

The  upcoming  thermal  experiments  on  the  AVCO  Humdinger,  with  its  less  prom- 
inent spike  should  also  shed  light  on  this  phenomenon,  as  well  as  providing 
large-spot  data  points  at  the  high  fluences  required  for  realistic  target 
damage . 


15 


Figure  14  shown  a plot  of  u vs.  E/A  for  2"  x 2"  (2b. 8 cm2)  targets 
of  aluminum  and  titanium.  -or  both  materials,  the  spot  area  was  6.3  cm2. 

Also  shown  is  the  plot  from  Figure  ’3  in  which  the  spot  -ma  was  also  6.3  cm2, 
but  the  target  area  was  only  8.5  cm  . We  see  that  above  breakdown  threshold, 
the  curves  for  aluminum  and  titanium  are  identical  to  within  the  scatter  of 
tlic  data,  indicating  that  in  this  regime,  the  absorptivity  is  controlled  by 
the  plasma  and  is  independent  of  arget  material.  If  the  target  is  normally 
highly  absorbing,  this  may  in  fact  result  in  a decrease  in  coupling  coef- 
ficient, as  is  the  case  for  titanium  at  high  incident  fluence.  By  comparing 
the  two  curves  for  aluminum,  we  see  as  well  that  a relatively  small  fraction 
of  the  energy  is  absorbed  far  from  the  focal  spot. 

Coupling  data  were  also  obtained  for  aluminum  targ<  ts  as  a function  of 
ambient  air  pressure,  and  the  results  are  plotted  in  Figure  15.  The  measured 
values  of  a at  200  torr  are  quite  close  to  those  at  760  torr  except  for  the 


diffeience  in  breakdown  threshold.  The  curve  changes  markedly,  however  as 
ihe  pressure  is  reduced  to  0.5  torr.  Although  the  coupling  is  less  than  in 
air  at  low  fluences,  it  surpasses  it  at  about  26  J/cm2  and  peaks  (at  a lower 
value  that  at  760  to *r)  at  about  40  J/cm2.  This  behavior  is  due  to  diffuse- 
ness of  the  air  plasma  at  this  low  pressure.  These  results  imply  that,  as 
shown  in  Figure  16,  considerably  more  energy  per  unit  are  can  be  deposited 
on  a target  at  high  altitude  than  at  sea  level. 

In  order  to  determine  the  spatial  distribution  of  the  absorbed  energy, 
we  fabricated  several  targets  of  the  surface  - thermocoupled  type  previously 
used  to  obtain  our  small  spot  data.  The  targets  used  in  this  study  contained 
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a linear  array  of  six  aluminum-coated  thermocouples,  1/4  inch  apart,  enabling 
us  to  determine  the  absorbed  energy  distribution  both  inside  and  outside  the 
focal  spot. 

Figure  17  shows  a comparison  of  the  pulse  shapes  of  the  incident  and 
absorbed  inte  ity  for  a point  inside  the  focal  spot.  The  pulses  are  norm- 
alized to  equal  areas.  It  is  seen  that  the  initial  spike  is  quite  efficient 
in  coupling  energy  to  the  surface  since  the  plasma  has  not  moved  appreciably. 

As  the  plasma  recedes,  decoupling  sets  in.  At  the  end  of  the  pulse,  however, 
an  appreciable  amount  of  energy  is  still  being  absorbed.  This  indicates 
that  increasing  the  pulse  length  may  increase  the  maximum  deliverable  fluences. 

Figure  18  shows  the  absorbed  fluence  in  air  as  a function  of  position 
for  three  different  incident  laser  energies.  These  fluences  were  extracted 
from  the  observed  temperature  histories  by  means  of  our  computer  inversion 
oi  the  one-dimensional  heat  equation.  These  curves  show  the  spreading  of 
the  absorbed  energy  distribution  as  the  laser  energy  is  increased. 

IV.  CONCLUSIONS 

We  may  summarize  this  work  by  the  following  conclusions. 

1.  Thermocoupled  targets  can  be  constructed  which  measure 
the  thermal  response  of  a metal  surface  with  micro- 
second temporal  resolution  and  10  mil  spatial  resolution. 

2.  There  is  a marked  enhancement  in  thermal  coupling  to 
aluminum  and  copper  surfaces  at  the  onset  of  breakdown, 
lor  2 mm  spots,  however,  most  of  this  enhanced  absorption 
occurs  outside  the  focal  spot. 

3.  Enhancement  of  thermal  coupling  is  retained  with  large 
focal  spots,  but  the  coupling  decreases  faster  with 
incident  laser  fluence  than  with  small  spots. 
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4.  The  fraction  of  energy  coupled  to  the  target  within 
the  focal  spot  increases  with  increasing  spot  size. 

5.  Above  the  target-dependent  breakdown  threshold,  the 
thermal  coupling  is  material  independent. 

6.  For  high  incident  fluences,  more  energy  is  transferred 
to  the  target  at  0.5  torr  than  at  760  torr. 

7.  Experiments  should  be  done  to  determine  the  effect  on 
thermal  coupling  of 

a)  removing  or  reducing  the  initial  spike 

and 

b)  increasing  the  pulse  length 


IS 
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Fig.  2.  Experimental  layout  for  thermal-coupling  measurements. 
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Fig.  4.  Surface  temperature  history  for  copper  surface;  average 
incident  power  density  of  5 * 10&  W/cm2  with  a strong  surface 
plasma  initiated  immediately. 
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Fig,  5,  Illustration  of  the  temperature  (T*)  due  to  heating  prior 

to  time  t and  the  contribution  AT  due  to  heating  after  time  t . 
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LASER  IRRADIATION 


Fig.  6 


. Coordinate  system  for  subsurface  thermocouple  junctions. 
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Fig.  8.  Surface  heating  rate  determined  from  inversion  of  surface 
temperature  history  shown  in  Fig.  3;  average  absorption  coefficient 
was  2.7  percent. 
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TIME  (n  sec) 

Fig.  9.  Surface  heating  rate  determined  from  inversion  of  surface 
temperature  history  shown  in  Fig.  4;  average  absorption  coefficient 
was  4.2  percent. 
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Fig.  10.  Surface  absorption  coefficients  as  functions  of  time 
normalized  by  the  pulse  lengths  for  (a)  no  surface  plasma 
(I  .08  MW/cra2,  tp  = 18  psec  - see  Fig.  8);  (b)  near  breakdown 
threshold  (I  ~ 0.3  MW/cm2,  t = 32  psec);  (c)  strong  surface 
plasma  (I  ~ 5 MW/cm2,  tp  = 20  psec  - see  Fig.  9). 
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Fig.  11.  Thermocouple  traces  for  the  case  of  breakdown  on  a copper 
target  containing  the  linear  array  of  surface  thermocouples  shown 
schematically. 


30 


thermal  coupling  COEFFICIENT 


10  15  20  25  30  35 
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Fig.  12.  Spot  size  dependence  of  thermal  coupling  to  an  aluminum 
target,  the  typical  error  is  shown  for  one  point. 
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T m E R M A L CGuPLiNG 


Fig.  13.  Pulsed  thermal  coupling  to  aluminum  at  10.6  \im 
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Fig.  14.  Material  and  target-size  dependence  of  thermal  coupling. 
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THERMAL  COUPLING  COEFFICIENT 
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Fig.  15.  Pressure  dependence  of  thermal  coupling. 
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Fig,  16.  Pressure  dependence  of  absorbed  energv. 
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Fig.  17.  Pulse  shapes  of  in:ident  and  absorbed  intensity 


